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ALUMINUM- CHLORINE BATTERY

Introduction:

Work on electrochemical systems was begun in the Seiler Laboratory

in 196L. The ob 4ective of this program is to develop advanced electro-

chemical power supplies characterized by high power per unit weight and

high power per unit volume.

Early in the program it was decided to concentrate the efforts on

the aluminum-chlorine electrochemical couple using molten aluminum
1

chloride-sodium chloride mixtures as the electrolyte. Some of the

more important reasons for this decision are these:

(1) The aluminum-chlorine system has a high theoretical energy

density. Taking the voltage of the aluminum-chlorine couple to be 2.2

volts, the theoretical energy density is 6CO watt-hours per pound of

aluminum and chlorine consumed.

(2. The aluminum electrode is capable of high current densities

withc'at nolarization or passivation. In practice, current densities as

r,=-/ have been demonstrated.

"re -ti"'• e materials are inexpensive and relatively easy

to h lur. num can be obtained in high purity and can be easily

formed tc the desired shape. Chlorine, although toxic, can be stored

conve%,e y c a liquid below 1440C, the critical temperature.

During initial phases of work on the aluminum-chlorine system,

the principal efforts were devoted to studying tl p,-operties of pure

aluminum cY'oride. of aluminum chloride-sodium chloride melts, and of

electrodýs dpi"• into these melts. Basic physical chemical measure-

ments a.c c . at thc present time. In 1970, it was discovered

that a cnc.,"'.-ncrn cell using aluminum electrodes aild aluminum

1. L.A. Ki::, ... . Brown, Jr. and F.H. Frayer, "High Energy Density
Electr'.c'c•:'icl2 Cells," Proceedings of the Third OAR Research
Applications Conference, March 1968, Vol. 1, p. J-l.

* This voltage is approximately equal to the potential measured for

the reaction of alu:-rinum with chlorine in an aluminum chloride-
sodium chlridt, --,(?elt saturatcý with respect to sodium chloride;
the measuremen- is discussed ir detail on pages 17 through 21.



chloride-sodium chloride electrolytes can develop p¢----i*l !, high

as .. 6 volt.2,, 4  The Bibliography contains a comp: : st :" publi-

cations which have resulted from the work to date.

DEscription of Cells:

To date, nine different cells have been constructe6 :t_ ::sted in

the laboratory. Since all the cells were similar in 7:-c r::.ýects, one

cel' (designated #802-1) has been selected for detailec description.

The characteristics of the remaining eight cells will described only

insofar as they differ from those of Cell Number 802-15.

1. Cell Number 802-13. Cell Number 802-13 is illustrate- by

Figure 1.

a. Aluminum Electrode. The aluminum electrode was a i00 cm long

piece of O.032 inch diameter "Baker Analyzed" reagent aluminum wire. The

electrode was formed into a spiral approximately 25 mm in diameter and

'as connected to the external circuit by an additional piece of aluminum

wire sheathed in Pyrex tubing.

b. Chlorine Electrode. The chlorine electrode consisted of a

spiral of Alpha Inorganics 3n5 0.050 inch diameter tungsten wire immersed

in a mixture of finely powdered graphite and electrolyte. The spiral

was formed from wire heated to redness in a gas-air flame. The oxide

layer formed on the surface of the tungsten was removed electrochemically

in a cell having an aluminum chloride-sodium chloride electrolyte. The

clectrolyte in the chlorine electrode compartment was almost completely

..=o'2ilized by the graphite powder. The graphite present, 4.8 grams,

z •:r:'. tted approxi'ately 25 percent by weight of the graphite-electrolyte

'ixture. The graphite was prepared by grinding large flakes of the type

typiacliy used as a dry lubricant.

2. -I.A. Fannin, Jr., L.A. King and D.W. Seegmiller, "A Lightweight
Pigh Energy Battery," Proceedings of the Air Force Systems Conmiand
!;." Science and Engineering Symposium, 5-7 October 1U71.

3. T.A. King, D.W. Seegmiller and A.A. Fannin, Jr., "Aluminum High
Energy Density Concentration Cells," Air Force Research Review,
No. 3, May-December 1971, p. 8.

4. A.A. Fannin, Jr., L.A. King and D.W. Seegmiller, "Chloroaluminate
Equilibria In AlC13 -NaCl Melts," J. Electrochem. Soc., II'), 801 (ao2)

* Registered Trademark of the Corning Glass Works.
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c. Electrolyte. The electrolyte was a molten saturated solu-

tion of sodium chloride in aluminum chloride. At the temperatures Of

interest, nominally 20OCC, this solution contained very nearly 5' mole

percent of each of the two chloride salts. The electrolyte mixture was

prepared by mixing LO.O grams of "Baker Analyzed" reagent AIC13 with

20.0 grams of "Baker Analyzed" reagent NaCl. The excess sodium chloride,

slightly over two grams, was allowed to collect in the bottom of the :e'.

d. Separator. An Alundum (porous alumina) filter thimble,

porosity RA-360 medium, was used to separate the two electrode compart-

ments. The thimble had a length of 90 mm and an outside diameter of

19 mm.

e. Assembly. The cell was assembled in a 55 mm OD, 51 mm ID

Pyrex tube. The Alundum separator was supported by glass beads placed

4in the bottom of the cell; this arrangement prevented the separator

from resting on the undissolved excess sodium chloride in the bottom of

the tube. The graphite was placed inside the separator; a Pyrex wool

plug, placed in the top of the separator, prevented the graphite from

being spattered out of the separator during electrical charging of

the cell. The tungsten coil was completely immersed in the graphite-

electrolyte mixture in the chlorine electrode compartment. The entire

assembly operation was conducted in a dry box.

2. Cell Number 801-11. Initially the chlorine electrode compart-

ment of Cell Number 801-11 contained one gram of Nuchar C-I;.N de-

colorizing carbon; later one gram of graphite was added. Two current

collectors were tested in the chlorine electrode comrpartwent of this

cell: a platinum foil and a 1/4 inch diameter National spectre-

scopic grade graphite rod (tungsten was not used in this cell). The

platinum was rapidly attacked by its environment and not used again ir.

subsecquent cells. The graphite rod also was eroded by the environment.

* * Registered Trademark of the Norton Company.

* + Trademark of the Westvaco Corporation.

-Xx Registered Trademark of the Union Carbide Corporation.

i4



5 3. Cell Number 801-23. Both tungsten and 1/4 inch diameter

graphite rod current collectors were tested in the chlorine electrode

compartment.

Cell Number 802-12. Initially the chlorine electrode compart-

ment of Cell Number 802-12 contained only one gram of graphite, and a

1/4 inch diameter graphite rod current collector was used. After several

cycles, 2.4 grams of the graphite rod had been eroded, giving the chlor-

ine electrode compartment a total graphite content of 3.4 grams. At

this point the graphite rod was replaced with a tungstcr, current

collector.

5. Cell Number 802-25. Cell Number 802-23, designed to investigate

the feasibility of using a chlorine trapping medium other than graphite,

had 1.5 grams of Nuchar C-190N decolorizing carbon in place of the

graphite in the chlorine electrode compartment.

6. Cell Number 802-28: Cell Number 802-28 had an electrolyte

solution containing 40 mole percent sodium chloride.

* 7 Cell Number Bu- 12. Cell Number 807-12 had an anode consisting

of a cylinder of cotiunercial aluminum tubing with an ID of 25.5 tmn and

* a height of 51 num. The cell was operated at a temperature of 175 0 C.

Experimental Parameters:

1. Temperature. The cells, except for Cell Number 807-12, were

operated at a nominal temperature of 2'K'°C in a fused salt bath con-

sisting of a ternary eutectic mixture of NaNOj, KNO. and NaNO-.

4 '. Electrical Charging. Electrical charging was accomplished by

impressing a reverse potential on the cell. The nominal open circuit

charging voltage was 5.0 volts, and was not carefully regulated.

i. Electrical Measurements. Voltage masurements were made using

a voltage divider network and a calibrated strip chart recorder. The

impedance of the measuring circuit was 0.. megohm.

4. Charge - Discharge Experiments. A typical charge-discharge

experiment consisted of a series of charge-discharge cycles, and

followed the format indicated by Table 1.



T * 70RI'AT OF -CPARGE-DISC'iARGE EXYy

Cycle Length , " . . . ,. -

Nunber Phase urin Phase 1,.ri-_

: ~16 -

04

In each case, the load applied during the discharge phase '.as the

same, viz., =.?8 ohms.

Voltage, vs. Current Experirments. Voltage vs. curren: xzc:r-

me nt,: scrc co'nducted by applying calibrated loads to the cell and

monitoring the voltages developed under the various loads. These

xrtcri:rents t*.'ere usually conducted using cells that had been pie-

,viuu: v charged for 16 minutes or longer.

E:.:perimental Results:

A brief summary of experimental results is contained in Tc.ble 2.

Cell Number 532-13. Cell Number 802-13 gave by far the best

-s. Fjgurc 1. shows the results of a voltage vs. current exper-

.1-.he Lict that the data fall on a straight line leads to the

-. ,ice- that the cell behaved ideally and may be considered to

,.n::n voltage source (the open circuit voltage) in

i:.Jwth1t ct'nstant resistance (the internal resistance). With

S..... =rna n: applied load equal to the internal resistance, the cell

,�t�1 ,Jf~ _ ~*-naximum power, 4.2 watts.

S. "eries of charge-discharge experime-nts -..It40 this

,, -rc j. : ':nected, significant i ~pr.'-'2nt in

th,. :ich ' ' r :-r"e wrr 'Abs. rved as the length of the clar-ing

phS' Wa- inc7-, cc ... e'

~OS tva~a~eCOP\



3
Cell # 802-13

Open circuit voltage: 2. 55 volts
Internal resistance: 0. 39 ohm
Short circuit current: 6. 56 amperes

2

0

0 1 2 3 4 5 6 7

i (amperes)

F'igure ,,. C~ell Nube &CC2-1: Reguio of Voltage vs Curren.t Expe'rimient

7



TABLE 2. SUMMARY OF EXPERIMENTAL PARAMETERS R RESULTS

CEJl ELECTROLYTE CATHODE ALUMINUM
NUD{BER ANODE

MOLE 7 TOTAL TYPE OF MASS OF CURRENTA AREA
NaCI MASS CARBON CARBON COLLECTOR (cme)

(grams) (grm_

801-11 50 None platinum 18.4

5C charcoal 1.0 platinum 18.4

charcoal 1.01
g h+ platinum 18.4graphice 1 .0

charcoal 1 1.0

50 + 1 graphite 18.4graphite 1 .0

801-23 50 graphite 6.0 tungsten 20

50 graphite 6.0 graphite 20

802-12 50 graphite 1.0 graphite 8,1

50 graphite 3.4 tungsten 8.1

F02-13 50 60 graphite 4.8 tungsten 8.1

8,2-,5 50 32.5 charcoal 1.5 tungsten 8.1

Q:_-28 40 53.2 graphite • tungsten 8.1

80L-9 50 52.5 graphite 5.0 tungsten 8.1
806-18 50 87 graphite 5.0 tungsten 5.4

8o(-12 50 90 graphite 5.0 tungsten 24.5

8



TABLE 2. (Continued)

CELL CHARGE-DISCHARGE EXPERIMENTS VOLTAGE vs, CJRRENT EXPERIMEOTS
NUMBER CHARGING VOLTAGE AFTER OPEN S'ORT INTERNAL

TIME 3-MINLIES WITH CIRCUIT CIRCUIT RESISTANCE
(minutes) 5.08 ohm LOAD VOLTAGE CURRENIT (ohms)

(volts) (volts) (amperes)

801-11 3 0.90

2 1.03

3 1.24

3 1.96

8•'l-23 15 1.34

16 2.23 2.29 3.46 0.66

802-12 16 2.20 2.58 4.O0 o.65
30 2.20 2.61 3.58 0.89

802-13 64 2.33 2.55 6.56 0.39

802-23 16 0.92 0.58 i.43 O.40

802-28 16 1.83 2.07 3.52 0.59

8o0.9 32 2.04 2.54 3.45 0.74

806-18 2.54

807-12 64 2.'- 2.58 5.53 o.47



2.5

S~E

2.0

Cell # 802-13

1.0 A: I .min. charge
B: 2 min. charge
C: 4 min. charge
D: 8 min. charge

0.5 E: 16 min. charge
F: 32 min. charge

.I i

0 1 2 3

Time following Initiation of the
discharge through 5.08 ohms

(min.)

Figure ,. Cell Number 802-13: Results of Charge-Discharge Experiment
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* Further analysis of Figure 3 suggests that at !etý3 -''':cesses

werc occurring during the discharge. The first prc,-as> iz'-'resented

by Curve A and has an estimated open circuit voltage cZf eot t. volts.

The second process was important for the early portion tire dis-

charge following the two minute charge (Curve B) acd for a lc.Ter

time following the four minute charge (Curve C). For charging tines

greater than four minutes (Curves D, E and F) it would appear that

the second process dominated.

2. Cell Number 802-20. Instead of graphite, Cell Number il2-2;

contained 1.: grams of charcoal (decolorizing carbon) in the chlorine

electrode compartment. The results of charge-discharge experiments

are shown ii' Figre 4. For the first five cycles (Curves A - E) the

cell behaved as expected. Note that the plateau is reached at a value

slightly below 1.0 volt compared with typical graphite containing cells

in which th- plateau is reached at a value above 2.0 volts.

The sixth charge-discharge cyc1]2 (Curve F) gave unexpectedly poor

results. No explanation for the apparent degradation between the

fifth and sixth cycles can Ie offered at this time.

A voltage vs. current experiment, conducted following the sixth

charge-discharge cycle, indicated that the cell was not ideal. The

extrapolated open circuit voltage waq 0.58 -olts, which is clearly

inconsistent with the result& of the charge-discharge experiments.

Although Cell Number 802-23 raised numerous questions, its per-

for-,,,;cz: was so inferior to that of graphite containing cells that

no more charcoal-containing c-:ls were constructed.

5. Cell Number 802-28. Pc objective of experiments with Cell

Number 802-28 was to study the effect f changing electrolyte composi-

tion. In this cell, the electrolyte contained 40 mole percent sodium

chloride compared with the value for a saturated solution of 50 mole

percent. Figuve 5 shows the results for a t.ypical voltage vs.

current experiment. The behavior ib tound to be ideal, but the open

circuit voltage is about one half volt less than that developed by

cells having electrolytes saturated with respect to sodium chloride.

11



1.5 CELL #802-23: A: 1 min. charge

B: 2 min. charge
C: 4 min. charge
D: 8 nrin. charge
E: 16 n-irn. charge

1.0

0

0.5 B

A

0.0-" ' "

0 1 2 3

Time following initiation of the discharge
through 5,08 ohms (min.)

1.5 CELL #802-23: F: 32 min. charge

1.0

4J
'-i

0 • F
;>

0.5

0 1 2
Time following initiation of the discharge

through 5.08 ohms (min.)

Figure 4. Cell Number 802-23: Results of Charge-Discha-ge Experiment
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2.0 CELL #802-28

Open Circuit Voltage: 1. 98 volts
Internal Resistance: 0. 74 ohm
Short Circuit Current: 2. 69 amperes

S1.0-

0.0,
0 1 2 3

i (amperes)

Figure 5. Cell Number 802-28: Results of Voltage vs Current

Exper iment
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4. Cell Number 801-23. A series of charge-discharge experiments

was conducted with Cell Number 801-23 using a graphite rod as the

current collector in the chlorine electrode compartment. The final
cycle in this series consisted of a 122 minute charge phase followed

by a standard three minute discharge phase. Immediately after the

termination of this discharge, the cell was removed from the constant

temperature bath, allowed to cool to room temperature, and stored in

a dry environment at room temperature for 60 hours. At the conclusion

of this quiescent period, the cell was reheated. Prior to application

of a load, the open circuit voltage stabilized at 2.50 volts. A pro-

longed discharge was then begun under a load of 5.08 ohms. Table 3

briefly summarizes the result of this experiment.

TABLE 3. CELL NUMBER 801-23: RESULTS OF PROLONGED DISCHARGE

TIME AFTER INITIATION

OF DISCHARGE (minutes) F (volts) i (amperes)

n 1.88 0.372

91.75 c.-15

52 1.60 0.315
38 1. .. 25r- 0,237

0.75 0. 148

-c. '8 -.075
; ; O "• 10. 0o I

5. Analv'siý nf the Graphite-Electrolyte Mixture, Since it was

suspected that a compound might have been formed between the graphite

and the chlorine, a sample of the graphitv-electrolyte mixture was

removed from C4l Number 01- 13 just prior to cooling for the (0 hour

quiescent period. This sample was quickly cooled, ground, and sub-

jected to analysis by X-ray diffracttoetry. The dominant miaterials

present were found to be graphite and NaAlC14. There was also a

small aooiat of Alela. AlClM"6lI1O and NaCi were missing and there

14



was no evidence for a chlorine-graphite comr,:'.:nd. Although this experi-

ment is indicative, it cannot be considered conclusive since X-ray

if diffractometry is not a particularly sensitive technique for the detec-

tion of trace amounts of compounds.

Discussion:

1. Expected Voltage. The observed open circuit voltage for the

cells which have been described is about 2.55 volts. In order to

place this value in perspective, it is nec2ssary to examine the over-

all chemical reaction in terms of available thermodynamic and electro-

chemical data.

The overall chemical reaction can be written as follows:

Anode Reaction: 2Al(s) + 6CIr(A) 4 A1C16 (2) (A) + 6" (i)

Cathode Reaction: AClz(g) + 6 e- 4 C (62)(c)

Transport Reaction: tNa+(A) 4 6Na+(c) (5)

Sum: C-AI(s) + ClM( + OaI-
+ '(A) + (A)

.4 +1..Cp+ + ?"CI-((A ) + (C• ) f) (A)-(C)

In the.e equations, the subscripts "(A)" and "(C)" imply that the

activities of the sihbscrlpteýd species are measured in the anode and

cathode compartments, respectively.

The voltage for this reaction is then given by:
(a, +(! (ac•()

(A) (A))

It tl'•s equation, the a's represent activities and the f stands for

fugacity. The standard cell potential. Po, for this reaction depends

15



-aly on the free energy of A12 C16 (t) at the temperature of interest,

and can be calculated from data given in the JANAF Thermochemical

Tables. The following values were obtained by combining the enthalpy

of formaLion, AHf o298.15' of A12 C18 with an interpolated value for the

tfree energy function, (Go - H2 )/T, at 173 0 C.4' H298.•15)T

00

6Gf = 141.82 KCal/mole @ 175°oC

P 0 = 2.050 volts @ 1750C

It is apparent from equation (5) that a variety of factors enter

into the calculation of the expected voltage of the cell. It is

t.seful to consider three of these separately: (1) The fugacity of

the chlorine, (2) the activity of the A12 C18, and (5) the relative

activi'ies of the Na+ and CI" ions.

a. Fugacity of Chlorine. For a cell in which chlorine gas

i.v2 bu'ed over an inert current collector, the fugacity of the

chlorine (an be estimated from the pressure. In the case of cells

contaiinK graphite, the fugacity can still be estimated providd

tic .mrt ial pressure of chlorine in equilibrium with the melt is

n Awl. Although precise presurEt data have not boon obtained, :t

h4s bem observed that chlorine gas is released from the cath.w

"-crpatrtm•.:t during eIectric..fl charging of the c.lls, Based or

.thi. hservatin, it will be assutred for the remainder of this

df~cti,'icn that the parttal pretsur- of CI; iwazz equal to the pr. -

-,-aIt ln at-_-tpheric prestur-E at lie altitude of this laboratoxy, t,_,

ap-.prlxtmatlyx '. torr. lEtiati;-t ('. can the-n be reduced to:

I:,a + ) (a , I(,'a ' aCl" a I.C ••": "••"- (4" " (ax' t)) '(acl(A')

:(A)

at V C 'n)d * tort.

D. JA��AF Thermochemical Data, The ,-n Chemical Company, Midland,
i* Xchipan. The data for A';.CI.(!' are dated •4' June '70. Note

that * in the liquid phrrse. aitiw '- chloride is essentially
completcly dimeriaed.

* N 1-



b. Activity of A12 C1. The influence of the actY.,

AI 2 Cl6 can be studied by assuming that the cell has no se•rI. ter.

Under these circumstances, the two electrode compartments have equal

sodium ion activities and equal chloride ion activities, and Equation

(6) can be further simplified to

2. 2.045 -448LLZ em a
6F A 1 2 4C3() (7)

at 175 0 C and 62- torr.

Fannin, King and Seegmiller have studied the structure of sodium

chloride-aluminum chloride'melts at 1750C. 4  Using their data for

aAlCl,,,I expected voltages for a cell without a separator have

been calculated and are listed in Column 5 of Table 4. These data

are shown graphically in Figure 6. Notice that the effect of increas-

ing the -cle fractihn of AIC1 3 in the cell is a small decrease in the

expected cell vlItage.

c. Activities of the Na+ and Cl Ions. The importance of the

activities of sodium and chloride ions can best be illustrated by

assuming that th ' cell has a separator, that the composition of the

electrolyte- ;i thc aluninum electrode compartment is fixed by the

presence of excess XaCl, and that the electrolyte in the chlorine

electrode cL.partment has a varlable composition. The expected

voltages can 'r calculated using Equation (6) and the data of Fannin,

king and Sec~rIcr. The results are summarized in Column 6 of

Table and disaplayed graphically in, Figure 6. As expected, the

cell voltage ste.id''v increases an the concentration difference

becomes rm)re prof-.d The voltaot- increment due to the difference
in electrolyte corpc.ition between tv e w electrode compartments

can be readily obtained by subtracting the value in Column 5 from the

correspo'nding va.ue in Column & of Table

Z. Experimental Neasurcr:ivnt of Po. Because thure is some

uncertainty attached to the standard cell potent.ial, %o, for the

17
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aluminum chloride formation reaction,

2A1(s) + 5C1 2 (g) + Al 2 Cl() (8)

it was decided to determine this value experimentally. Direct

reasjrement of PC is difficult because of the fact that pure molten
AlCI3 is an insulator; the relatively high vapor pressure of AIC1 3

contributes additional experimental difficulties. By contrast, the

zNrmation reaction can be studied with ease in an electrolyte con-

sisting of a saturated solution of NaCI in AlCl3 . Rewriting Equa-
tion (5) for experiments carried out in a cell without a separator:

aS= Co _ R ()

Since the activity of AlClO is known from other experiments, C0 can

be calculated from the experimentally dvtermined voltage of a cell

having no separator.

the cell use'd 'o výstahlish C-o had an aluminum anodr, An clectrolyte

consisting of a satu-rated solution of XaCI in AlCIlý, and an ambient

pressure Cl1 . gas electrode. Two diftfre•t current <oI lector,% w-ere
u.srd i:I the chlorine vle.ctorde crwnpartment: A spectroscopic grade

graphite rad aný a tungstnn wirc., The cell was operatvd at i'7- + IOC'
Voltage neasluremvnts were made with a lta Technology Corporation
digital voittmrt r having an input impedance f lM ohms. The

value chtained d . volts. Vas independent ot the- type of cathode

<c-rrent collector used, and remained stable iudeftniteiy. liri;.g the

period of rwasurents. the C1' pressure varied with prevailing autow-
phvric pressure fro W,, to ',?ý.r torr. This variation in pressure

corresponds to a theoretical variation in measured voltage of '.,,:I'-
volt. in the case of the graphite rod current collector, . period of

approximately Q, hours elapsed before a stabiliged voltage was

achieved, I n order to assure that the reversible value had in fact

been obtained, a charging current of C'C milliamperes per square centi-

meter was applied for >, minutes. At the coaclusion of the charging

period, the voltage rapidly stabilized a;t the previously observed

•.v



value. When the tungsten current collcCL.ar was used, equilibrium

was achieved in a much shorter period of timc - - about 12 hours.

Using the value for the activity of Al2 CI, reported by Fannin,
King and Seegmiller 4 (see Column 2, Table ) and a chlorine fugacity

Ka chlo

of 0.768, a value of 2.029 volts is -bthined for P . Within experi-

mental error, this value is equal t, that calculated from the JANAF

data.

Using the experimentally determined value for o, a new set of

expected voltages can be calculated using Equation (c) and the data

'I of Fannia, King and Seegmiller. Th, results are summarized in

Columns 7 and 8 of Table 4 and displayed graphically in Figure 6.

The voltage increment due to the differences in eleccrolyte composi-

tion can be obtained by subtracting the value in Column v from the

corresponding value in Column 8 of Table 4.

". The Observed Voltages.

As indicated by Table 21, mozt of the experimental cells exhibited

open circuit voltafos between 2.I and 'volts. Since these observed

open circuit voltages are substantially higher than the voltage expected

for a cell without a separator (see Columns 5 and 7j' in Table i1), it

can be concluded that there was a significant concentration dif.trence,

between tho electrolytes in the two electrode compartments. The .agri-

tude of this concertration difference is indoubt since the valuhe of

the gtandard cell potential is not known with certaincy, two c-nes

! (i.e., r = U'. volts and PO , volts) are treated i' detail in

TAIhle ii

The concentration difference is creatcd during the- electrical

charging of the cell. Two factors make the development of the concen-

tration diffe-•ace possible: (1) Prior to ele-tric.,l charging, the

electrolyte in the chlorine electrode coepartent, although saturatvd

in NaCl. contains no excess NaCl; and (L) sedium ion is the principal

ionic charge carrier. During charging, sodium ion migrates frkvr the

21
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chlorine electrode compartment into the aluminum c.,rrartment thus

depleting the NaCl content in the c orine electrode rcnpartment and

creating the concentration difference between the twc compartments.

The charge-discharge experiments are indicative of the fact

that a concentration difference is developed during charging. Figure

3 suggests that at least two processes are important during the electri-

cal charging process. The process which involves development of the

concentration difference seems to be first evident during the two

minute charge (Note the step wise discharge behavior suggested by

Curve B and clearly displayed by Curve C.) and to be increasingly

important as the charging tiue is increased.

The experiment with Cell Number 802-28, which had an electro-

lyre containing only 40 iwle percent NaCl, further supports the con-

tentioi that a conce. ation difference is developed during charging.

Although small crnzentrvtion differences were doubtless developed

during ellectric>, charging of Cell Number 802-28, the aluminum electrode

ccmpartment could not achieve on electrolyte composition saturated with

t,.-p'rct to Naci. As a consequence, a large evihancement of the open

circult voltage nould not have been observed. In fact, the largest

ope:l c..cuit voltage observed for this cell was 2.25 volts.
K Nature of Cathode.

'-ir

It is of interest to speculate as to the nature of the cathode

in these cells. The following facts can uJe essembled:

J. The current which can be drawn from a cell is esse:ntially

independent (A the surface area of the tungste.n wire. Consider, for

example, Cell Number t821-lLil. Using a straight tungsten wire current

collector with a surface area of 1.2 cm2 , the short circuit current

was n. 4$ amperes; thus the curter! deusity st the tungsten wire was

"amperes/cnt. By canparison, Cell Number 80b-¶? used a spiral
tungsten wire .urrnt collector having an effective surface area of

.CJ, cm; the short circuit current .or tl.is cell was virtually

identical with that for Cell Number 802-1211.

;I



b. Graphite and charcoal behave very differently when in the

chlorine electrode compartment. In the case of graphite. the -ell

behaves ideally and the measured open circuit voltage equals the

value obtained by extrapolation of the voltage vs. current curve.

By contrast, cells, containing charcoal do not behave ideally. and the

voltages obtained are significantly lower than those observed with

graphite-containing cells.

c. Tungsten/chlorine gas electrodes behave very differently

from tungsten/chlorine/graphite paste electrodes. This fact has been
demonstrated by studying the behavior of a tungsten wire electrode in an

electrolyte saturated with chlorine gas at a pressure of two atmospheres.

In this system, the tungsten electrode becomes severely degraded when

the cell is loaded such that the voltage drops below about 1.5 v. The

current density at which the degradation begins is about 10 ma/cm2 ,

based on the effective area of the tungsten cathode.

Based on these facts, it seems very probable that tihe powdered

graiphite, rather than the tungsten wire itself, is acting as the cathode.

Moreover, the electronic conductivity of the graphite is most likely

important and assures efficient transport of el,-ctrons from the tungsten

wire current collector to the electroactive sites on the surfaces of

the graphite particles,

Temperature Dependence. The purpose of the experiments with

Cell Number 807-12 was to obtain data which could be compared directly

with "expected" voltages calculated for cells at 1750C. Within the

limits of expeiimental uncertainty, Cell Number 807-12 behaved in the

sane manner as the other cells at 2000 C.

.. Possible Applications. A variety of possible applications can

be imaI~ned for the cell described in this report. Additional data

will have to be accummulated, however, before it can be said that the

cell is indeed suitable for any particular application.

Toere are two characteristics of the cell which seem to warrant

furthor development of the system:

a. The ability of the cell to deliver large currents, and

b. The ability of a cell cooled to room temperature to store

its en•'rgy for a significant length of time.

. . ' A. . . . . . . . . .. .
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